INTRODUCTION
Y. Ma et al. data will provide the theoretical foundation for the application of the CMS system.
MATERIAL AND METHODS

Plant materials
The experiment employed 5 CMS lines (A; 200A, 201A, 202A, 203A, and 206A) , 5 near-isogenic maintainers (B; 200B, 201B, 202B, 203B, and 206B) , an additional CMS line (204A), and 6 restorers (C; 207C, 208C, 209C, 211C, 213C, and 214C) of the pepper (C. annuum L.), which were provided by the pepper research team at Northwest A&F University (Table 1) . Each pair of A and B differed in cytoplasm types; these were used for performing crosses and analyzing the relationship between maintaining and restoring. 
Crossing test
The 5 maintainers (200B, 201B, 202B, 203B, and 206B) were crossed separately to 5 CMS lines (200A, 201A, 202A, 203A, and 206A; A x B) , and 6 restorers (207C, 208C, 209C, 211C, 213C, and 214C) were crossed separately to 4 CMS lines (200A, 202A, 203A, and 204A; Table 2 ). All F1 hybrids (M is prefixed for the code of each cross-combination) of 40 crossing combinations were harvested in September 2010. The following April, all F1 hybrid seeds were grown in a greenhouse, and the fertility of the F1 hybrids was identified from the early stage of anthesis.
Pollen assay
Field statistical experiment
In the blooming stage of anthesis, 5 flowers were randomly selected to evaluate the F1 hybrid fertility according to the method of Gulyas et al. (2006 Table 2 . Crossing combinations of cytoplasmic male sterility system in pepper.
Analysis of pollen quantity
The pollen quantity was measured according to the method described by Wang et al. (2008) . One hundred anthers from 30 large flowers of each combination were put into vials to desiccate the anther. When the pollen was fully released, 5 mL 1% sodium hexametaphosphate was added, and the vial was shaken to resuspend the pollen. After resuspending the pollen, a drop of the suspension was added to a counting chamber to evaluate the quantity of pollen. Each experiment was repeated 6 times and the values obtained for each experiment were averaged. The pollen quantity of each anther (N) was equal to the medium value of the 6 values, which were calculated in accordance with the following formula: N = (total number of pollen grains in 400 grids x 10,000 x 5 x 3) / 100
Analysis of pollen germination
After drying in the shade, pollen grains isolated from flowers were germinated in vitro in culture medium (0.01% boric acid + 10% sucrose + 1% agar) at 25°C in the dark (Ye, 2010) . The percentage of pollen germination was measured at 3, 6, 18, and 21 h. For each experiment, 6 fields were randomly observed by light microscope. The pollen germination rate was calculated in accordance with the following formula:
Germination rate (%) = number of germinated pollen grains / total pollen grains x 100
Fruit setting and seed analysis
Ten flowers were randomly marked in each plant to measure the fruit-setting rate and the number of seeds in each fruit; finally, the median value was obtained.
Rf-linked molecular marker analysis
Total DNA was extracted from the fresh leaves of each plant (Walbot and Warren, 1988) . The primers were designed according to the method of Gulyas et al. (2006) . The marker was prepared using the following PCR protocol: an initial denaturation at 95°C for 5 min, 40 cycles of amplification, each consisting of 95°C for 45 s, annealing at 62°C for 45 s, 72°C for 90 s, and a final extension at 72°C for 10 min (Lee et al., 2008) .
RESULTS
Maintaining ability of 5 maintainers
The pollen quantity and the self-crossed fruit-setting rate of F1 hybrids from each crosscombination (A x B) were observed in the field to grossly predict the maintaining ability of the maintainers in each CMS line. The self-crossed fruit-setting rate of M45, M7, M28, M9, M1, and M2 were nil and these 6 F1 hybrids did not have normal pollen or traces of pollen, which indicated that the 6 F1 hybrids were sterile and that the sterility could be maintained in the mating of 200A x 206B, 201A x 206B, 201A x 200B, 203A x 200B, 206A x 200B, and 206A x 201B. However, it was observed that M3, M18, M30, and M41 did not have pollen or traces of pollen, with both their self-crossed fruit-setting rate less than 20%. These findings demonstrated that the 4 F1 hybrids were partially fertile, thus the fertility of the 4 was relatively low (Table 3) . Table 3 . Pollen quantity and self-crossed fruit-setting rate in F1 hybrid of cytoplasmic male sterility lines and maintainers in pepper.
(++) = pollen quantity basically equal to that of the male parent; (+-) = pollen quantity basically equal to 50% of the male parent; (-) = traces of pollen grains or no pollen; SE = standard error; F = fertile; S = sterile; PF = partially fertile; a no seed. The indoor tests of pollen quantity, pollen germination of each anther, and the number of seeds in each fruit revealed that F1 hybrids M18, M41, M44, M45, M7, M28, M9, M1, and M2 could not seed, thereby suggesting the sterility of the plants. These findings indicated that sterility could be maintained in the mating of 200A x 201B, 200A x 202B, 200A x 203B, 200A x 206B, 201A x 200B, 201A x 206B, 206A x 200B, 203A x 200B, and 206A x 201B . Other F1 hybrids of the crosscombinations (A x B) were fertile, thus indicating no maintaining ability of the male parent (Table 4) .
The field survey and indoor test showed that different maintainers had different maintaining ability to the same CMS line, although the same maintainer had different maintaining ability to different CMS lines, such as the maintaining ability of 200B to 201A, 203A, and 206A, just as that of 201B to 206A and 206B to 200A and 201A . However, sterility could not be maintained in the mating of 203A x 201B, 203A x 202B, 206A x 202B, 201A x 203B, 206A x 203B, 202A x 206B, and 203A x 206B. Of note, M3, M18, M30, and M41 were partially fertile, as M3 and M30 had traces of pollen grains and lower than 20% self-crossed fruit-setting rates (Figure 1 ), although they had a few seeds in the fruit; the pollen was also viable. These results showed that 201B and 202B, the male parents of M3 and M30, could not maintain the sterility of 202A and 201A, respectively. In addition, M18 and M41 had a small quantity of pollen and their fruit-setting rates were lower than 20% in the field; however, their fruits had no seeds while the pollen quantity, pollen germination of each anther, and the number of seeds in each fruit were both practically nil according to the indoor test. These results suggested that M18 and M41 were sterile, thus 201B and 202B, the male parents of M18 and M41, respectively, could maintain the sterility of 200A. Moreover, by field survey, M44 had pollen to some extent and could yield fruit by self-pollination, while the number of its seeds was nil despite the viable pollen. Therefore, M44 was sterile, thus indicating that 203B could maintain the sterility of 200A. The pollen quantity and spontaneous fruit-setting rate of F1 hybrids in each combination (A x C) tested in the field showed that M37 and M24 did not have viable pollen or traces of pollen, with no self-crossed fruit-setting. These findings indicated that 213C could not restore the fertility of 200A and 204A (Table 5 ). M21 and M31 were partially fertile, with lower than 20% self-crossed fruit-setting rates, 11.00 ± 5.68 and 10.00 ± 6.67%, respectively, indicating that 209C and 214C had relatively low restoring ability to 204A. Other F1 hybrids of the cross-combinations (A x C) were fertile. Table 5 . Pollen quantity and self-crossed fruit-setting rate in F1 hybrid of cytoplasmic male sterility lines and restorers in pepper.
(++) = pollen quantity basically equal to that of the male parent; (+-) = pollen quantity basically equal to 50% of the male parent; (-) = traces of pollen grains or no pollen; SE = standard error; F = fertile; S = sterile; PF = partially fertile.
The seeds per fruit of M24 and M37 were found to be practically nil (Table 6) , indicating sterility, as 213C could not restore the fertility of 200A and 204A. The number of seeds per fruit of M23 was lower, approximately 11.20 ± 4.67, indicating that 211C had decreased restoring ability to 204A. Furthermore, the pollen quantity of M39 and M31 was lower than that of the male parent (restorer), 4,609 ± 309 and 1,675 ± 168, respectively. Therefore, the restoring abilities of 207C to 203A and 214C to 204A are decreased. Table 6 . Pollen quantity, germination rate, and number of the seeds in F1 hybrid of cytoplasmic male sterility lines and restorers in pepper. SE = standard error; F = fertile; S = sterile; (-) = deficit. The findings described above showed that all of the restorers tested in our experiments could restore the fertility of all of the CMS lines tested, with the exception that 213C could not restore the fertility of 200A and 204A. However, the restoring ability of the different restorers differed; this finding was primarily exemplified in the pollen quantity, pollen germination, fruit-setting rates, and seeds per fruit of the F1 progeny in the cross-combination (the same restorer to different CMS lines). It is worth noting that the self-crossed fruit-setting rate of M21 was only 11.00 ± 5.68%, while the pollen quantity, pollen germination, and seeds per fruit indicated that M21 was fertile; therefore, 209C could restore the fertility of 204A, while the low fruit-setting rate might be due to the lower vitality of the pistil. The self-crossed fruit-setting rates of M39 with decreased pollen quantity and germination, M31 with decreased pollen quantity, and M23 with fewer seeds per fruit were 23.00 ± 12.52, 10.00 ± 6.67, and 31.00 ± 7.38%, respectively. These results indicate that 211C and 214C may have worse restoring ability to 204A, as did 207C to 203A.
Analysis of the Rf-linked DNA marker
The CMS lines, maintainers, and their F1 individuals were polymorphic for the Rflinked DNA marker, CRF-SCAR. The CRF-SCAR marker was reported to be linked to the major Rf locus at the distance of 5 cM. The presence of the CRF-SCAR PCR product was associated with the presence of the Rf allele. The results of the present study showed that the CRF-SCAR PCR product was only present in M15, which indicated that M15 (206A x 203B) has the Rf gene; however, we could not amplify any objective PCR product in 206A and 203B, which may have resulted from gene rearrangement caused by the crossing of parents, and further study is warranted to investigate the specific cause.
In the 6 restorers tested, the Rf gene was polymorphic for the presence of the CRF-SCAR PCR product, and only occurred in 207C, 208C, and 213C. Further studies are required to determine the mechanisms involved in controlling the restoring ability of restorers.
The CRF-SCAR PCR product was also found in M39 ( In M5, M40, and M23 as well as their male parents such as 211C, no PCR product was found, although 211C could restore the fertility of 200A, 203A, and 204A. These findings may be related to the genetic diversity of the Rf gene. Taken together, these data demonstrated that genetic differences of the Rf gene exist in different materials (Figure 2 ). 
DISCUSSION
It is thought that the differences of maintaining ability are caused by the different sources of the cytoplasm and nucleolus (Wang et al., 2009) . Our studies of the relationship of CMS lines, maintainers, and restorers revealed that a same maintainer had different maintaining ability to the CMS lines with different sources of cytoplasm; for example, 201B could maintain the sterility of 201A and 206A and partially maintain the sterility of 200A, while it could not maintain the sterility of 202A and 203A. In addition, different maintainers had different maintaining ability to the same CMS line; for instance, 200B might completely maintain the sterility of 201A, 203A, and 206A, while 202B did not have any maintaining ability to 201A, 203A, and 206A. These results were similar to those of rice (Wang et al., 2009) . The crossing test between CMS lines and restorers in pepper demonstrated that different restorers had different restoring ability to the same CMS line; for instance, 207C, 208C, and 209C could restore the adequately fertility of 204A, while 211C and 214C had worse restoring ability to 204A. We inferred that it was the variation in the Rf genes of the restorers that might lead to these differences. Furthermore, the same restorer had different restoring ability to the CMS lines with different sources of cytoplasm; for example, 214C had better restoring ability to 200A, but had worse restoring ability to 204A. This might be explained by the different cytoplasm leading to the differences of the restoring ability among the CMS lines with the same nucleolus (Tang et al., 2005) .
The pairs of Rf genes are different among the different restorers of radish (Zhang et al., 2002) , with some radishes having 1 pair and others having 2 pairs. Our experiment revealed that different maintainers and restorers might carry different Rf genes and different pairs of alleles (Table 7 ). The complexity of the differentiation of the cytoplasm and nucleolus with different sources in addition to the difference of the regions may likely result in the diversity of nuclear genes. In practical breeding, the adaptive capacity of a same type of CMS line in one crop is limited. Hence, it is necessary to select and breed several types of CMS lines and their related restorers for improving the resistance and stability of the yield of F1 hybrids (Liu et al., 2011) . The genotypes of the 5 CMS lines in our study were different, and difference also existed in the maintainers and restorers (Table 7) . These findings provide the foundation for further study and use of these rare plant materials.
CONCLUSIONS
The present study of the relationship between maintaining and restoring among different CMS systems revealed the maintaining ability of the maintainers to the CMS lines and also the restoring ability of the restorers to the CMS lines. In addition, the detection of the Rf-linked marker among all of the plant materials showed the inheritance of the Rf gene between the male parent, 207C, 208C, and the F1 hybrid. As there was a consistent relationship of maintaining in some CMS lines with different cytoplasm, it is possible to breed many sterile lines with the same nucleus to exploit this cytoplasmic diversity; additionally, the different restoring ability of the restorers may indicate that there are other unknown Rf genes in pepper. In future studies, some other new Rf genes may be found by analyzing the F2 segregations, which could enrich the genetic diversity of the restorers. These studies will promote the resistance of pepper to abiotic stresses encountered in practical production.
